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Abstract:  
In the modern era, some global challenges are energy storage conversion. To find sustainable 
solutions to this problem, researchers have turned to renewable energy resources. An example of 
promising energy generation devices is fuel cell. Fuel cells are electrochemical systems that convert the 
chemical energy of the fuel to electrochemical potential that can be used a direct current (dc) 
generators. Although these technologies are very attractive, they are known to be expensive due to high 
cost of catalysts and concerns regarding their energy densities. Fuel cells composted of two electrodes, 
namely cathode and anode and electrolyte separating the oxidizing agents and fuel. In most of the fuel 
cells Oxidation Reduction Reaction (ORR) provide electrons at the anode that then travel to the cathode 
and produce usable electricity by oxidizing the fuel. In alkaline fuel cells, platinum-loaded carbon 
electrocatalyst have been historically used to drive ORR and produce efficient power outputs. However, 
the use of these electrocatalysts have been hindered by cost constraints, making these catalysts 
commercially inviable for widespread domestic and retail sale. Apart from the high cost, Pt-based 
electrodes suffer from a susceptibility to time-dependent drift and CO deactivation, which slowly 
degrade electrocatalysts over time, making fuel cells less efficient. This is why alternative 
electrocatalysts are being sought after and why alternative electrocatalysts are at high demand for 
future energy applications. 
The premise for this paper is to characterize and analyze the properties of carbon based 
electrocatalysts as alternatives for currently available and more expensive electrocatalyst. Specifically, 
this paper analyzes the properties of various carbon nanotube (CNT) and graphene structures with 
different surface chemistry and internal structures. The results show that carbon-based materials have a 
promising future as ORR electrocatalysts; however, it is often argued that the design and development 
of efficient carbon-based electrodes are hindered by the incomplete understanding of the underlying 
mechanism for ORR on carbon. 
Included in this paper is an experimental section describing how the experiments were set up 
and how the data were collected. This section will also include preliminary data on the electrocatalysts 
themselves. Next, there will be a Data and Results Section to provide more experimental data on the 
electrocatalysts. In this section all the data will be analyzed thoroughly. Lastly, there will be a Conclusion 
Section where the data will be interpreted and results will be concluded. This is also where I will propose 
future paths for these preliminary experiments to progress down in hopes of developing cheaper 
alternative batteries. 
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Introduction: 
Oxygen Reduction Reaction Theory: 
The reduction of oxygen is a vital reaction for many chemical applications. Oxygen reduction 
reaction (ORR) is the key to progressing some of the most promising energy saving devices as well as the 
key to providing our cells with life saving energy.  
ORR is a two-part reaction that require an electron donator and an electron acceptor, which 
typically occur at the cathode and anode of fuel cell devices, respectively. The reactions at the cathode 
and anode are primarily controlled by the electrolyte solution, which can be alkaline or acidic.2 In both 
alkaline and acidic media, ORR occur between hydrogen and oxygen to produce electron flow and 
power. For alkaline media, hydrogen is oxidized at the anode with hydroxide ions to form water and 
consume a pair of electrons. This water is then decomposed at the cathode with oxygen to produce 4 
electrons, as seen in Figure 1a. The net reaction of this process generates both heat and electron flow. 
For acidic media, hydrogen peroxide is decomposed at the anode consuming two electrons and 
produces oxygen and hydrogen ions, which can also be seen in Figure 1a. Then, at the cathode, oxygen 
and hydroxide ions are consumed to produce water.2 The net reaction of this process also generates 
both heat and electron flow. 
 
FIGURE 1A. OXIDATION AND REDUCTION REACTIONS IN ALKALINE AND ACIDIC MEDIUM AT THE CATHODE, ANODE, AND NET REACTION22 
FIGURE1B. DIRECT AND SERIES PATHWAY OF REDUCTIVE HALF REACTION AND ELECTRON TRANSFER IN ALKALINE MEDIUM22 
FIGURE 1C. GIBBS FREE ENERGY CHANGE FOR SERIES PATHWAY REDUCTIVE HALF REACTION COMPARED TO THAT OF THE DIRECT 
PATHWAY. IN GOVERNING EQUATIONS FOR GIBBS FREE ENGERY, ∆G IS CHANGE IN GIBBS FREE ENERGY, R IS GAS CONSTANT IN J/MOL-K, 
T IS TEMPERATURE IN KELVIN, Q IS THE EQUILIBRIUM CONSTANT, Z IS THE NUMBER OF MOLES OF ELECTRONS, F IS THE FARADAY 
COSTANT IN COULOMBS, AND E IS THE ELECTRIC POTENTIAL IN VOLTS22 
Alkaline Medium 
Anode Oxidation:       H2 + 2OH- → 2H2O + 2e- 
Cathode Reduction:    O2 + 2H2O + 4e- → 4OH- 
Net Reaction:               H2 + O2 + 2e- → 2OH- 
Acidic Medium 
Anode Oxidation:       H2O2 → O2 + 2H+ + 2e- 
Cathode Reduction:    O2 + 4H+ + 4e- → 2H2O 
Net Reaction:               H2O2 + 2H+ + 2e- → 2H2O 
Alkaline Medium 
Direct Path:           O2 + 4H+ + 4e- → H2O            E0=1.229 V 
Series Pathway:    O2 + 2H+ + 2e- → 2H2O2         E0= 0.695 V 
                                 H2O2 + 2H+ + 2e- → 2H2O      E0= 1.763 V 
A) 
B) 
Gibbs Free Energy 
Series Pathway Energy Change:            
H2O2 → ½O2 + 2H2O              ∆G ~ 1.096 eV 
Governing Equations: 
  ∆G = ∆G0 + RT ln(Q) = -zFE 
  Ecell = E0cell – (RT)/(zF) ln(Q) 
C) 
From prior research, there are two possible electron pathways possible for ORR in both alkaline 
and acidic electrolyte solutions. One pathway is the 4e−direct reduction pathway to directly form H2O in 
an acidic medium or OH− in basic medium, while in the 2e− series reduction pathway generates H2O2 as 
an intermediate step, followed by further reduction to form H2O or OH− with another 2e− release as seen 
in Figure 1b. The ORR can be seen in a variety of places including manmade mechanisms and even in 
living cells.  
Biological Applications: 
Phosphorylation: 
ORR is very common within many biological processes. Oxidative Phosphorylation is one such 
process that is extremely important for most living cells. In mitochondria, oxidative phosphorylation is 
the main mechanism of energy generation in which electrons are passed along a series of carrier 
molecules that is known as the electron transport chain.27 These electrons are generated from NADH 
(reduced nicotinamide adenine dinucleotide), which is produced by oxidation of nutrients such as 
glucose, and are ultimately transferred to molecular oxygen. In this process phosphates act as catalysts 
to facilitate these chemical reactions. The electron transport chain consists of four respiratory enzyme 
complexes arranged in a specific orientation in the mitochondrial inner membrane.27 The passage of 
electrons between these complexes releases energy that is stored in the form of a proton gradient 
across the membrane and is then used by ATP synthase to make ATP from ADP (adenosine 5′-
diphosphate) and phosphate, which can be seen in figure 2a. 
Electro-Chemical Applications: 
 Fuel Cells: 
Fuel cells derive their chemical energy from ORR. They require a continuous source of hydrogen 
fuel and oxygen to sustain their chemical reaction, whereas in metal-air batteries, the chemical energy 
usually comes from ORR with metal ions or oxides already in the battery canister.7 Fuel cells can produce 
electricity continuously for as long as fuel and oxygen are supplied. Fuel cells consist of 
an anode, cathode, and electrolyte that allows ions to move across a chemical barrier. At the anode, a 
catalyst causes the hydrogen to undergo oxidation reactions that generate both ions and electrons.7 The 
ions move from the anode to the cathode through the electrolyte, while electrons flow from the anode 
to the cathode through an external circuit, producing direct current electricity. At the cathode, another 
catalyst causes ions, electrons, and oxygen to react, forming water and other biproducts. Some of the 
most common fuel cells are proton exchange membrane fuel cells (PEMFC), which can be seen in Figure 
2b, and solid oxide fuel cells (SOFC). Individual fuel cells produce relatively small electrical potentials so 
cells are "stacked", or placed in series, to create sufficient voltage.22 
Metal-Air Batteries: 
Metal–air electrochemical cells are batteries that use a pure metal anode and an external 
air cathode, typically with an aqueous or aprotic electrolyte to produce power through ORRs. A 
schematic of this can be seen in figure 2c. During discharging of a metal–air electrochemical cell, metal is 
oxidized at the anode while oxygen from the surrounding air is reduced on catalyst particles supported 
at the gas-diffusion cathode, as illustrated in Figure 2c.29 Metals such as Zn, Li, Fe, Al and Mg have been 
used to make metal-air batteries because of their stable oxidized states. Normally, these metals are 
thermodynamically unstable in an aqueous medium, but their surfaces can be passivated by 
corresponding oxides or hydroxides under certain circumstances, and thus are compatible with aqueous 
electrolytes. Out of listed metals, only Zn-Air and Fe-Air batteries have been commercially produced and 
proven to be favorable batteries for low voltage energy applications.29 To reach a larger range of voltage 
outputs other devices like new types of fuel cells incorporating membranes were conceived. 
Proton Exchange Membrane Fuel Cells:  
With numerous merits including high energy density, excellent portability, and low operation 
temperature, PEMFCs hold great promise in becoming commercially-viable electric power sources for 
many applications. However, to achieve the large-scale commercialization of PEMFCs, the challenge of 
sluggish ORRs at the cathode must be overcome. One of the most widely used catalysts to speed up 
ORRs for fuel cells are Pt nanoparticles, which are typically dispersed in porous carbon materials and 
denoted by the abbreviation Pt/C. Even though Pt is considered to be one of the best electrocatalysts 
for ORR, there are several signiﬁcant limitations that hinder its widespread utilization. First of all, Pt is 
rare and expensive, which causes fuel cells to be expensive and unprofitable. In fact, the price of Pt/C 
 FIGURE 2A. THE ENZYMES OF THE MITOCHONDRIAL INNER MEMBRANE INVOLVED IN OXIDATIVE PHOSPHORYLATION. NADH-
DEHYDROGENASE (YELLOW), SUCCINATE DEHYDROGENASE (PINK), CYTOCHROME BC1 (RED), AND CYTOCHROME OXIDASE (GREEN) FORM 
THE ELECTRON TRANSFER CHAIN TO O2. WITH THE EXCEPTION OF SDH, THESE ENZYMES TRANSLOCATE PROTONS ACROSS THE 
MEMBRANE. THE PROTON GRADIENT IS USED BY ATP SYNTHASE (PURPLE) TO MAKE ATP.27 
FIGURE 2B: SCHEMATIC OF A PROTON EXCHANGE MEMBRANE FUEL CELL2 
FIGURE 2C: SCHEMATIC CONFIGURATION AND OPERATION PRINCIPLE FOR AQUEOUS METAL-AIR BATTERIES. INSERTS ILLUSTRATE THE 
OXYGEN REDUCTION REACTION TAKING PLACE AT THE POROUS AIR CATHODE29 
A) 
C) 
B) 
catalyst can account for up to 50% of the total cost of a fuel-cell stack. Secondly, Pt/C catalysts still suffer 
from slow reaction kinetics, which results in the electron series pathway and an undesirable 
performance. Thirdly, Pt/C is susceptible to dissolution, sintering, and agglomeration, resulting in loss of 
performance. Note that Pt-based catalysts exhibit poor tolerance to methanol by generating CO in its 
presence, which blocks Pt active sites and diminishes the catalytic activity potential, a process known as 
CO poisoning. In recent years, fuel cell research and development has taken off and researchers from 
around the world have tried to find solutions for issues associated with Pt/C catalysts by developing new 
catalysts for ORR. The goal is to make fuel cells as efficient, cheap, and energy dense as possible. 
ORR Catalysts: 
Noble-Metals: 
One promising set of catalysts are noble-metal clusters. Noble metal clusters, also named 
monolayer protected clusters (MPCs), include a metal core made of metals like Pd, Ag, Au, Ru, and Pt, 
surrounded by protecting ligands, which can be phosphine molecules, thiolate organic nonmetallic 
compounds, polymers, or biological macromolecules. MPCs normally consist of about ten to a few 
hundred atoms, with an ultra-small size usually less than 2 nm in diameter. As a special class of 
nanomaterials, MPCs show strong quantum conﬁnement effects due to their ultra-small size and can be 
seen in figure 3a.  
Enhanced and unusual catalytic performance can be also achieved for the noble metal clusters 
regardless of catalyst concentration. Notably, the emergence and rapid development of noble metal 
clusters provide great opportunities to potentially resolve the activity and durability issues for ORR in 
the electrocatalytic process. First of all, the ORR activity highly relies on the catalytic active sites of the 
exposed surface, and the high-surface-to-volume ratio, as well as ultra-small dimension, impart MPCs 
with unique advantages. Secondly, with the surface capping agents as the ligand or stabilizer, MPCs can 
resist agglomeration, sintering, and decomposition, and the resulting robust stability is favorable for 
long-term electrocatalytic cycling. 
 Metal Oxides: 
Another promising catalyst group are metal oxides, which can be seen in figure 3b. Metal oxides 
are typically binary or ternary oxide compounds like CuO–ZnO or CuO–ZnO–Al2O3.18 These mixed oxide 
catalysts have been widely employed commercially since the early 1960s in the water-gas shift reaction 
and have more recently been looked at as potential catalysts for fuel cells. They are generally used in 
low to mid temperature ranges, 180–350°C, and can be used in both acidic and basic medium.18 In these 
commercial catalysts, zinc chromium oxides are generally used as structural stabilizers and activity 
promoters, while aluminum oxide is added to improve the catalyst dispersion despite it being inactive 
toward ORRs.31  
Moreover, combinations of noble-metals and metal oxides have been shown to have 
encouraging activity. For example, gold supported on iron oxide shows great activity and resistance to 
CO poisoning with over 80% conversion of CO was measured at 200°C with gas hourly space of 
4000 h−1 and atomic gold to iron ratio of 1 to 22.18,31 From research studies, it appears that combination 
metal oxide and noble-metal compounds might have a synergistic activity effect and thus have greater 
potential for commercial viability.18 
 Polymers: 
 In more recent years, polymers have been investigated as potential catalysts for ORR, which can 
be seen in figure 3c. One study found that poly(3,4-ethylenedioxythiopene) (PEDOT) has a surprising 
ability to catalyze ORRs. This study also found that PEDOT has the greatest catalytic activity in alkaline 
conditions, making it ideal for alkaline fuel cell and metal-air batteries.12 However, what is most 
surprising is that the polymerization technique used to form the polymer has a great influence on its 
electrocatalytic potential. As with most electrocatalysts, PEDOT and other polymers can either follow 
the direct 4-electron pathway or the series 2-electron pathway.14 Techniques like electro deposition, 
vapor phase polymerization (VPP), and chemical vapor deposition (CVD), and oxidative chemical vapor 
deposition (oCVD) have all been researched with varying results. One study reported that PEDOT 
synthesized through VPP created electrodes with exceptional catalytic activity. Moreover, it was 
reported that oCVD creates very uniform and controllable polymer coatings and provides a reliable 
pathway to synthesize polymer coatings on complex porous three-dimensional (3D) electrode 
materials.14,33 Other studies have shown that PEDOT prepared through VPP and CVD undergoes a 
transition from catalysts that promote 2-electron series process to catalysts that promote a 4-electron 
direct process as deposition temperatures increase.  
 Carbon Complexes: 
Because of research efforts to reduce or replace Pt based electrodes in fuel cells, researchers 
are looking at carbon, the substrate for most Pt catalysts. Compared to metal‐based catalysts, carbon‐
based metal‐free counterparts have been demonstrated to show multiple advantages, including their 
high electronic conductivities, tunable molecular structures, abundance, and strong tolerance to acidic 
and alkaline environments.5 Moreover, their metal‐free nature also avoids the possible release of metal 
ions, and hence reduces their environmental impact. The recent availability of carbon nanomaterials, 
including carbon nano tubes (CNTs), graphene sheets, graphite nanoplatelets, carbon nitride, and three‐
dimensional (3D) carbon architectures like fullerenes, offers new opportunities for the development of 
advanced metal‐free catalysts with impressive catalytic performances and can be seen in figure 3d. 
However, carbon by itself is typically a poor catalyst with low activity; thus, for catalytic 
applications, it is doped with other elements and compounds like oxygen, nitrogen, ammonia, and 
phosphate.19 A dopant is an element or molecule affixed to the surface of a substance either during 
synthesis of that substance or after the substance has been created. There are several ways that a 
dopant can be affixed to the surface of a substance but the dopant is usually an addition to the 
compound and not an integral part of its structure or composition.  
Complexes like nitrogen doped CNTs have been shown to catalyze direct electron pathways for 
ORRs free from CO poisoning.19 These electrocatalysts also have three times the electrocatalytic activity, 
smaller crossover effect, and better long-term operation stability than that of commercially available Pt-
based electrodes in alkaline electrolyte medium. On the basis of the experimental observations and 
quantum mechanics calculations, the improved catalytic performance of these complexes is attributed 
to the electron accepting ability of the doped atoms like nitrogen and oxygen, which create a net 
positive charge on adjacent carbon atoms to readily attract electrons from the anode for facilitating the 
ORR.19  
Analogous to the nitrogen doping, boron doped CNTs has been shown to enhance the 
graphitization and electric conductivity of carbon. Doping with boron can also shift the Fermi level of the 
CNTs into the valence band, thereby leading to an enhanced catalytic activity.11 Boron carbon complexes 
have been shown to serve as an efficient metal‐free electrocatalyst with markedly faster ORR kinetics 
than those of an undoped carbon substrate.11 Boron dopants act as the surface‐active reduction centers 
and lower conversion barriers for ORR reactions. In an independent study, B‐doped multiwalled CNTs 
were prepared by thermally annealing MWCNTs with boric acid, and their ORR activity in alkaline media 
was found to increase with increasing boron content. 
Another study investigated oxygen doped CNTs that were achieved by introducing carboxy 
groups to the nanotube surface. This made the nanotubes highly active and durable for ORR in acid 
media. The resulting, highly conductive electrode exhibited a good catalytic activity and stability 
performance over multiple trials. These results of this study opened up new avenues to explore for the 
design and development of oxygen doped carbon structures as electrocatalysts. 
Besides their use in fuel cells for energy conversion through ORR, carbon‐based metal‐free 
catalysts are promising alternatives to noble‐metal and metal oxide catalysts for OER in metal–air 
batteries and for ORR water splitting in hydrogen fuel cells. A rapidly growing field of metal‐free 
catalysis based on carbon nanomaterials has developed, and a substantial amount of literature has been 
generated along with a growing interest to create organic compound catalysts. 
 Metal Organic Frameworks and Covalent Organic Frameworks: 
Metal-organic frameworks (MOFs) are made by linking inorganic and organic units by strong 
bonds, and can be seen in figure 3e. The flexibility with which the constituents’ geometry, size, and 
functionality can be varied has led to more than 20,000 different MOFs being reported and studied 
within the past decade.36 The organic units are ditopic or polytopic organic carboxylates, which, when 
linked to metal-containing units, yield architecturally robust crystalline MOF structures with a typical 
porosity of greater than 50% of the MOF crystal volume.36 
Covalent-organic frameworks (COFs) are made from covalent bonds that connect atoms to form 
chain molecules, and these chain molecules are connected together to form giant covalent 
structures.13 The extraordinary strength of a covalent bond is the reason behind the stability of COFs. 
Each atom is connected and extended by covalent bonds to this framework structure and can have 
almost any conceivable geometry.13 
Researchers have invested a significant amount of time and energy into characterizing the 
electroactivity of MOFs and COFs due to their wide diversity of functionalities and compositions.36 
Recent advances in this research area have shown great potential for MOFs and COFs to have 
bifunctional catalytic activity for ORR and Oxygen Evolution Reactions (OER) for metal-air batteries, 
water splitting, and fuel cells.13 The unique characteristics of MOFs and COFs make it possible to design 
new catalysts with excellent bifunctional catalytic performance by means of incorporating bimetallic 
components associated with non-metallic elements and imparting their properties on bifunctional active 
sites and species for ORR.17,9 The remarkable electrochemical properties of these compounds are mainly 
attributed to the synergistic effect from their chemical composition and robust hollow structure. 
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FIGURE 3A.  LIST OF NOBEL METAL CATALYSTS EXHIBITING THEIR PROPERTIES BY CONVERTING HCNO TO CARBON DIOXIDE AND 
WATER9 
FIGURE 3B. METAL OXIDE CATALYS SHOWING HOW DOPING AND REPLACING METAL ATOMS WITH OXIDES PRODUCESS GREAT 
CATALYSTIC PROPERTIES FOR ORR AND OER35 
FIGURE 3C. POLYMER CATALYST SHOWING HOW IT CAN BE USED TO PROMOTE MULTIPLE CHEMICAL REACTIONS10 
FIGURE 3D. CARBON COMPLEX CATALYSTS LIKE CNT AND GRAPHENE ARE GREAT FOR ORR ESPECIALLY WHEN DOPED WITH OTHER 
ATOMS13 
FIGURE 3E. TTPBA-4 BEING FORMED INTO A COF IS A GREAT CATALYST FOR ORR17 
Advantages of Carbon based Electrocatalysts: 
Carbon materials such as graphite, graphene, carbon nanotubes, fullerenes and ordered 
mesoporous carbon structures have attracted a lot of attention for their use in fuel cells due to 
beneficial properties like high conductivity, high mechanical and chemical stability, and high surface 
area. Doping these materials with other elements alters their electronic properties, making them 
particularly suitable electrocatalysts for ORR.  
These novel electrocatalysts started being researched extensively upon the discovery of 
graphene’s electric properties, which has opened up a new era of 2-dimensional (2D) fundamental 
science and potential technology for carbon. Graphene is the building block for carbon materials of all 
other dimensionalities, such as 0-dimensional (0D) buckyballs, 1-dimensional (1D) nanotubes, and 3-
dimensional (3D) graphite, which can be seen in figure 4.23 Of these materials, graphene has been given 
lots of attention. With many similarities to CNTs in structure and property, including its high aspect 
ratio, large surface, rich electronic states, and good mechanical properties, graphene is an attractive 
candidate for potential uses in many areas where CNTs have been exploited. Superior to CNTs, the one 
atomic-thick graphene sheets with a 2D planar geometry will further facilitate electron transport and be 
more effective electrode materials. 
To promote ORR sites on these carbon structures, they are dope with elemental impurities like 
oxygen, boron, nitrogen, and phosphate. In order to get these surface impurities affixed to carbon 
structures, there are a variety of techniques implemented by researchers and industry. Two main 
approaches that are employed for doping these carbon materials: direct or “in situ” doping during the 
synthesis of the carbon material, and post-synthesis doping of a carbon material.  Post-synthesis doping 
will only lead to surface doping of the material, while direct doping could lead to a more homogeneous 
doping of the carbon material. The effect of the doping on the properties of the carbon materials is 
mainly associated with three features of the dopant element: the number of electrons in the external 
shell, the electronegativity, and the size. The most common dopant element is nitrogen, since it has a 
similar size to carbon and one electron more than carbon in the external shell. Other dopant elements 
that have been extensively researched and reported on include boron, phosphorus, selenium, sulphur, 
and oxygen. 
Doped carbon materials display many attractive features as electrocatalysts, but a number of 
important challenges need to be tackled before these materials can be applied efficiently in actual fuel 
cells. For one, the only identified way to enhance the electro activity of these carbon catalysts is by using 
specific dopants, which can limit synthesis techniques. However, if these carbon-based structures are 
doped significantly, then they can have similar or even higher catalytic activity than that of commercial 
Pt/C catalysts in alkaline environments. Furthermore, doped carbon materials display greater chemical 
stability and are significantly less prone to CO and methanol poisoning in comparison to Pt/C.  
The doped element configuration and the number of edge sites, otherwise known as elemental 
defects, are important properties determining the electrocatalytic activity. However, the exact nature 
and property of these active sites and their ORR mechanisms are little understand and still need to be 
heavily researched.23 Typically, these electrocatalysts exhibit a strong correlation between high surface 
area to volume ratio and greater ORR activity, but only if the active sites are externally accessible by 
other interacting molecules.23 
Another property that must be better understood is the effect of synthesis environments on 
doped carbon materials, as thermal treatment and pressure have a great influence on the final dopant 
content, dopant configuration, surface area covered by dopant, and degree of graphitization. These 
properties in turn have a direct effect on the ORR activity, stability, and conductivity of the 
electrocatalyst. Undoubtedly, further research will need to be conducted on the synthesis and doping 
steps of carbon-based electrocatalysts to optimize their electrocatalytic performance. Along with this, 
carbon materials have low activity in acidic environment compared to Pt/C.23 Future research efforts 
should aim at understanding the reasons for this behavior. 
In order to keep improving the already promising properties of carbon-based electrocatalysts, 
future research must take a closer look at the fundamental mechanism with which active sites operate 
and interact with battery components. In this context, new synthesis method should be developed that 
allow selective doping of specific atomic configurations in different carbon materials. This knowledge 
will help design the next generation of electrocatalysts with enhanced activity for ORR. Doped carbon 
materials are promising electrocatalysts for replacing Pt/C in alkaline fuel cells.23 The use of these doped 
carbon materials as electrocatalysts is not limited to only ORR applications and they should be used to 
investigate other relevant electrochemical reactions.  
Methods and Materials 
Material 
Equipment 
For the analysis in this paper, two voltammetric experimental tests, linear sweep voltammetry 
(LSV) and cyclic voltammetry (CV), were conducted to look at the electrocatalytic properties of different 
carbon-based electrocatalysts. For CV, a placid solution was used on short time scales to look at the 
activity and voltage changes. However, for longer time trials, bulk flow is unavoidable; for consistent 
results, it is necessary to control the solution flow, which can be done with LSV. These tests were 
conducted at variant RPMs to produce a steady-state laminar flow adjacent to the RRDE, which assists in 
producing repeatable results that can analyzed with the Levich equation. 
FIGURE 4. ANIMATIONS OF DIFFERENT DIMENTIONAL CARBON STRUCTURES23 
Both the LSV and CV data sets were collected using a computer-controlled 1000E Gamry 
potentiostat with a three standard three-electrode electrochemical cell. A mirror-polished glassy carbon 
(GC) electrode made by Pine Research was used as the working electrode14. The surface of this GC 
electrode was also the substrate for material deposition. An Ag/AgCl saturated Potassium Chloride 
solution electrode (BASi) and a graphite rod also made by Gamry were used as the reference and 
counter electrode, respectively14. This three-electrode electrochemical cell, as seen in figure 10, was 
held together by a custom 3D printed perforated cap made of Acrylonitrile Butadiene Styrene (ABS). This 
electrochemical cell was submerged in a 2 M Potassium Hydroxide (KOH) solution contained in an open-
ended class beaker. To evaluate the number of electrons transferred, LSV was performed on an RRDE 
with an AFMSRCE electrode rotator made by Pine Research. For all LSV and CV measurements, an 
aqueous potassium hydroxide solution was used as the electrolyte, and before each test, the electrolyte 
was bubbled with either pure oxygen for 30 minutes. Moreover, all electrochemical measurements were 
performed at standard temperature and pressure (STP). 
Electrocatalysts 
 Several different carbon nanotube structures were purchased from cheaptubes.com with the 
intention to examine the direct effect of different carbon structures and surface geometry on 
electrocatalytic potential.21 The carbon nanostructure samples obtained were single walled carbon 
nanotubes (SWCNTs), double walled carbon nanotubes (DWCNTs), multiwalled carbon nanotubes 
(MWCNTs), and graphene complexes on multiwalled carbon nanotubes (GMWCNTs). GMWCNTs are 
complexes of single carbon sheets attached tangentially to the outer wall of a carbon nanotube 
structure.21 High resolution transmission electron microscope (TEM) images of some of these 
nanostructures can be seen in Figure 11b. A list of the specific dimensions and qualities of these 
electrocatalysts can be seen in Figure 11a, which includes approximate outer diameter (OD), nanotube 
length, purity of carbon composition, other significant sources of mass beyond carbon atoms, and the 
composition of any miscellaneous carbon byproducts known as ash in the sample. All of these samples 
were in a black dry powder form that needed to be prepared for ORR testing.     
FIGURE 10. (RIGHT) MSR ROTATOR FROM PINE RESEARCH EQUIPMENT USED FOR CV AND LV TESTS. THIS WAS USED IN CONJUNCTION 
WITH THE GAMRY INSTRUMENTS POTENTIOSTAT INTERFACE 1000. (LEFT) VESSEL USED FOR ORR TESTING WITH 3D PRINTED LID THAT 
HOLDS THE REFERENCE ELECTRODE (KOH TUBE, BLACK), COUNTER ELECTRODE (GRAPHITE ROD, RED), AND WORKING SENSE ELECTRODE 
(GLASSY CARBON WITH SAMPLE, TAN) IN PLACE WHILE TESTING.   
 
  
FIGURE 11A. TABLE OF SAMPLE SOLUTIONS. (EC = ELECTRO CATALYST, OD = OUTER DIAMETER, SW/DWCNT = SINGLE WALL/DOUBLE 
WALL CARBON NANOTUBES, MWCNT = MULTI WALLED CARBON NANOTUBES, GMWCNT = GRAPHITIZED MULTI-WALLED CARBON 
NANOTUBES, ADD CONT = ADDITIONAL MWNT CONTENT, DDBS = DODECYLBENZENE SULFONIC ACID) 
FIGURE 11B. SCANNING ELECTRON MICROSCOPE IMAGE OF MULTI WALLED CARBON NANOTUBES21 
FIGURE 11C. XPS SURVEY SPECTRA OF SIX SAMPLES 
FIGURE 11D. TABLE OF ATOMIC PERCENTAGE OF OXYGEN CONTENT 
FIGURE 11E. SP CARBON PEAK OF SAMPLE 1 CNTS23 
A) B) 
C) D) 
E) 
Methods 
 Electrocatalyst Preparation 
Preparation of these samples started by mixing them into 10 mL aqueous solutions with a 
surfactant known as dodecylbenzenesulfonate (DDBS) to reduce clumping of the carbon nanostructures. 
All aqueous solutions were mixed with the same mass ratio of 10 mg of DDBS to 1 mg of electrocatalyst 
to 10000 mg of water. These solutions were vibrated for 5 minutes to create a homogeneous solution, 
then immediately drop casted onto the GC Electrode. For drop casting, the GC electrode disk was taken 
out of its Teflon ring, polished with several grit pads, and washed off with ethanol. Next, 0.2 mL of 
sample solution was dropped onto the GC surface and let try in a heat box. The GC electrode disk was 
then inserted back into the Teflon ring, with care taken not to scuff the GC surface.  
Moreover, X-ray photoelectron spectroscopy (XPS) was used on the samples to identify their 
surface compositions. The resulting graph of samples 1 through 6 can be seen in Figure 11a. This graph 
shows that the composition of the samples is primarily carbon with some significant oxygen impurities. 
The exact oxygen percentage composition of these samples can be seen in the table in Figure 11d. This 
data shows that sample 1 and 4 had the highest oxygen composition percentage. These oxygen 
impurities are ingrained in the surface chemistry of the samples and are thought to change their electro-
catalytic properties in a beneficial way. Moreover, the intense SP carbon peak, seen in Figure 11e, is a 
close-up view of the carbon peak in sample 1 on Figure 11c. This peak confirms that the measured 
surface was mainly carbon, as expected.  
X-Ray Photoelectron Spectroscopy  
X-ray photoelectron spectroscopy (XPS) is a surface-sensitive quantitative spectroscopic 
technique that measures the elemental composition, empirical formula, chemical state, and electronic 
state of the elements on the surface of various materials. In this sense, XPS is very useful for measuring 
elements and their ionic state, which can be used to infer compounds present at the surface. 
XPS spectra are gathered by irradiating the surface of a material with an  X-ray beam while 
simultaneously measuring the kinetic energy and number of electrons that escape the irradiated 
surface, as seen in Figure 6a. At most, XPS can be used to probe 20 nm into a surface; in addition, it 
requires significantly high vacuum conditions to operate properly.12 
A typical XPS spectrum is a plot of the number of electrons detected per unit time versus the 
binding energy of the electrons detected. When irradiated, each element produces a characteristic set 
of XPS peaks at characteristic binding energy values that directly identify the surface composition, as 
seen in Figure 6b. These characteristic spectral peaks correspond to the electron configuration of the 
electrons within the atoms. The number of detected electrons in each of the characteristic peaks is 
directly related to the quantity of elements within the XPS sampling volume.32 To generate atomic 
percentage values, each raw XPS signal must be corrected by dividing its signal intensity by a "relative 
sensitivity factor" (RSF) and normalized over all of the elements detected. In order to count the number 
of electrons coming off of the irradiated surface, the XPS detectors must be operated in a vacuum so 
that none of the electrons are lost due to diffraction.32 
 Linear Sweep Voltammetry 
Linear sweep voltammetry (LSV) is a voltammetric method where the current at a working 
electrode is measured, while the potential difference between the working electrode and a reference 
electrode is swept linearly over time. In this experiment, oxidation and reduction are registered as peaks 
and troughs in the recorded current signal for the different potential in which they occur. 
The experimental apparatus for LSV includes a potentiostat and a three-electrode setup to 
deliver a potential and monitor the current change. The three-electrode setup consists of a working 
electrode, a counter electrode, and a reference electrode. The potential is delivered to the system 
through the working electrode, which is typically an RDE or an RRDE. This electrode is directly connected 
to the potentiostat, and ORR occurs on the surface of this electrode. The counter and reference 
electrode work in unison to balance out the charge added or removed by the working electrode. The 
counter electrode balances the working electrode, but in order to know how much potential it has to 
add or remove, it relies on the reference electrode, which has a known reduction potential. As the 
molecules on the surface of the working electrode are oxidized or reduced, they move away from the 
surface. Then, new molecules come into contact with the surface of the working electrode due to 
diffusion and convection. The flow of electrons into or out of the electrode causes the current. The 
current is a direct measure of the rate at which electrons are being exchanged through the electrode-
electrolyte interface. When this rate becomes higher than the rate at which the oxidizing or reducing 
species can diffuse from the bulk of the electrolyte to the surface of the electrode, the current reaches a 
limit, which is represented as a peak in current graphs of the experiment. 
 
FIGURE 6A. SCHEMATIC OF AN XPS SETUP12 
FIGURE 6B. DIAGRAM OF HOW XPS WORKS BY CORRESPONDING SPECIFIC PEAKS TO ELEMENTAL AND COMPOSITIONAL SURFACE MAKEUP 
B) A) 
In LSV a fixed potential range is determined and the voltage is swept at a constant rate from the 
lower limit, V1, to the upper limit, V2, in this range as seen in Figure 7a. This voltage scan typically starts 
on the left-hand side of the current verse voltage plot, where no current flows, and is swept to the right 
where more reductive conditions occur.20 As it is swept to the right, a current begins to flow and 
eventually reaches a peak before the current drops, which can be seen in Figure 7b.1 This behavior is a 
direct result of how voltage at the electrode surface influences chemical equilibrium. In most 
electrochemical reactions, the rate of electron transfer is faster than the voltage sweep rate. This means 
that an equilibrium can briefly be established at the electrode surface and thus can be accurately 
predicted by thermodynamic models. The Nernst Equations, seen in Figure 7c, predict the relationship 
between concentrations and voltage. In this equation, E is the applied potential difference and E0 is the 
standard electrode potential. As the voltage is swept from V1 to V2, the equilibrium position shifts from 
no conversion at V1 to full conversion at V2 of the reactant at the electrode surface. At a certain point, 
as the voltage is being swept towards V2, the current peak occurs. At this point, the diffusion layer has 
encompassed the electrode. This diffusion layer inhibits the flux of reactants to the electrode and the 
Nernst equation can no longer be satisfied, causing the current to drop. This current drop can also be 
directly predicted by the Cottrell equation, as seen in Figure 7d.4 
 
Cyclic Voltammetry 
Cyclic voltammetry (CV) is a very similar voltammetric technique to LSV. In CV, the voltage is 
swept between two values, V1 and V2, at a fixed rate and then is swept back to the original voltage, V1, 
as seen in Figure 8a.1 A typical cyclic voltammogram record for a reversible single electrochemical 
reaction is seen in Figure 8b, where the left-hand side represents oxidative potentials and the right-hand 
side represents reductive potentials. This voltammetric technique can be equated to testing an 
electrocatalyst for discharging and charging a battery. 
In CV the forward sweep produces an identical response as LSV. When the scan is reversed, the 
reaction switches from becoming increasingly reductive to being increasingly oxidative and the original 
reactants are reformed as products. For the reversible electrochemical reaction, CV graphs have certain 
well defined characteristics, including: highly predictable voltage differences between the current peak 
and trough that can be accurately done with the equation in Figure 8c, consistent current peak and 
trough positions that are unaffected by the voltage scan rate, consistent ratio of the current peak to 
B) A) C) 
FIGURE 7A. GRAPH OF ELECTRODE VOLTAGE POTENTIAL BEING SWEPT FROM V1 TO V2 AT A CONSTANT RATE1 
FIGURE 7B. GRAPH ELECTRODE CURRENT CHANGING WITH A VOLTAGE SWEEP. GOES FROM OXIDATIVE TO REDUCTIVE POTENTIALS1 
FIGURE 7C. EQUATION DESCRIBING THE ENERGY RELEASED FROM THE REACTION WHERE R IS THE GAS CONSTANT, T IS TEMPERATURE, N IS MOLES OF 
ELECTRONS, F IS THE FARADAY CONSTANT, AND MO AND MR ARE THE MOLARITY OF THE OXIDIZED AND REDUCED REACTANTS1 
FIGURE 7D. COTRELL EQUATION WHERE I IS CURRENT, A IS AREA OF ELECTRODE, CJ0 IS INITIAL CONCENTRATION, AND DJ IS THE DIFFUSION CONSTANT4 
D) 
trough being equal to one as seen in Figure 8d, and the peak current being proportional to the square 
root of the scan rate.1  
For CV, different scan rates can be used to explain the reversible electron transfer reaction in 
terms of the diffusion layer thickness, as with LSV. In cases where electron transfer is nonreversible, the 
CV curves become increasingly contorted compared to the CV curve seen in Figure 8e. These contorted 
curves, more explicitly voltammograms, show for quasi-reversible reactions at different reduction and 
oxidation rate constant values. The first blue curve in Figure 8e shows the case where oxidation and 
reduction rates are still fast. However, as these rates continue to drop, the other red and green curves in 
Figure 8c are produced. These drops in oxidation and reduction rates reflect a slow establishment in 
equilibrium at the electrode surface. In these cases, where equilibrium can no longer be modeled 
accurately, the peak separation does not vary as a function of the scan rate and the peak current does 
not vary as a function of the square root of the scan rate.1 This complicates modeling ORR under these 
conditions.  
Rotating Disk Electrode 
A rotating disk electrode (RDE) consists of a conductive disk surrounded by an insulating ring. 
This concentric disk and ring are then attached to a motor with a chuck or flexible axle that rotates the 
apparatus horizontally while maintaining a perfectly vertical configuration for the electrode, as seen in 
Figure 5d. This apparatus is also connected to a potentiometer that inputs voltage and records current. 
The conductive disk is typically made out of platinum, nickel, copper, gold, iron, silicon, gallium-arsenic, 
cadmium-sulphur, glassy carbon, or graphite, while the insulating ring is typically made out of Teflon or 
a variety of other plastics.6 When in experimental operation, the electrode is typically spun at between 
FIGURE 8A. GRAPH OF ELECTRODE VOLTAGE POTENTIAL BEING SWEPT FROM V1 TO V2 AND BACK TO V2 AT A CONSTANT RATE FOR CV1 
FIGURE 8B. GRAPH OF ELECTRODE CURRENT CHANGING WITH A VOLTAGE SWEEP GOING FROM OXIDATIVE TO REDUCTIVE AND BACK 
TO OXIDATIVE POTENTIALS. TOP CURVE IS PRODUCED FIRST AND BOTTOM CURVE IS PRODUCED SECOND1 
FIGURE 8C. EQUATION TO DESCRIBE CURRENT PEAK AND TROUGH SEPARATION1 
FIGURE 8D. EQUATION TO SHOW THAT THE RATIO BETWEEN CURRENT PEAK AND TROUGH ARE EQUAL TO ONE1 
FIGURE 8E. GRAPH OF DECREASING ORR RATES WHERE THE BLUE CURVE HAS A FAST ORR AND THE RED AND GREEN CURVES HAVE A 
SLOW ORR1 
B) 
E) C) 
A) 
D) 
400 and 10,000 rpm and only slightly submerged in a liquid solution.6 RDE is being used to control and 
minimize the diffusion layer thickness in liquid solutions. This piece of equipment is widely used because 
it rapidly establishes steady-state mass transport at high revolutions per minute (RPM) and easily 
reproduces convection conditions over a wide range of mass transfer coefficients.  
The theory behind using an RDE is that the electrode is uniformly accessible to the entire 
solution, and that the convection and diffusion rates of the reactant to the electrode are highly 
controllable based on RPM and laminar flow. With this control, the kinetics of many interfacial processes 
can be studied like ORR in alkaline environments. An RDE takes advantage of the laminar flow created 
during rotation by using the steady convective current that circulates along the surface of the electrode 
to create a homogeneous solution.6 Figure 5a shows an animation of this phenomenon. During 
experimentation, it is also common to use potential sweeps and potential sweep reversals for linear 
sweep and cyclic voltammetry. The current flux through the system as well as the convection-diffusion 
models can be seen in Figure 5b. 
Specifically, a potential reversal would produce a similar current curve in the forward sweep as 
in the backward sweep, except for capacitive charging current, which will reduce the current signal in 
the backward sweep. This is because an RDE cannot be used to observe the behavior of the electrode 
reaction products, since they are continually being swept away from the electrode. However, 
the rotating ring-disk electrode (RRDE) is well suited to investigate this further reactivity. The peak 
current in a cyclic voltammogram for an RDE is a plateau like region, governed by the Levich Equation, 
which is used for electrocatalytic analysis and modeling the concentration gradient as seen in Figure 5b 
and 5e. The limiting current is typically much higher than the peak current of a stationary electrode, 
being that the mass transport of reactants is actively stimulated by the rotating disk, and not just 
governed by diffusion, as is the case for a stationary electrode.6 Any rotating disk electrode can, of 
course, also be used as a stationary electrode by using it with the rotator turned off. An RRDE is an 
especially important for characterizing the electrocatalysts used in fuel cells. For example, in a proton 
exchange membrane (PEM) fuel cell, oxygen reduction at the cathode is often enhanced by an 
electrocatalyst, but when oxygen is reduced at the anode, hydrogen peroxide is produced. Hydrogen 
peroxide can damage the internal components of a PEM fuel cell. Therefore, RRDE "collection 
experiments" are used to control and monitor the peroxide generation of an electrocatalyst. In this 
experiment, the electrode face is coated in a thin layer of electrocatalyst, and then the disk electrode is 
held at a potential to reduce oxygen. Any products generated at the disk electrode are then swept past 
the ring electrode and reduced. The potential of the ring electrode is poised to detect any hydrogen 
peroxide generated at the disk electrode and thus can be accurately monitored. 
Levich Equation 
The Levich equation models the diffusion and solution flow conditions around an RDE or RRDE. 
Around this working electrode, the electrolyte solution is made to flow past the electrode by 
convection. As the rotation speed increases, the convection increases, which increases the flux of 
electroactive species to the electrode surface and the current.25,26 In essence, the Levich equation 
predicts the current observed at the electrode and shows that the current is proportional to the square 
root of rotation speed as seen in the equation in Figure 9a. This model uses a series of voltammograms 
acquired over a range of rotation rates to make its predictions. When a large-enough voltage is applied 
during a voltammogram, the measured rate of reaction is governed only by mass-transport to the 
electrode surface. The current measured here is the diffusion-limited current, or simply limiting current 
(iL).26 For a simple electrochemical system where the rate of the half reaction is governed only by mass 
transport to the electrode surface such as in ORR experiments, the iL increases linearly with the square 
root of the rotation rate. 
These measured currents taken at several different RPM values and then plotted against the 
square root of the rotation rate on a graph called a Levich plot as seen in Figure 9b. As predicted by the 
Levich Equation, the limiting current increases linearly with the square root of the rotation rate and has 
a slope of 0.620 nFAD2/3v–1/6C.25 This line passes through the origin and thus intercepts the vertical axis 
at zero. The significance of this is to verify your data is accurate, as when the electrode is stationary 
there is no mass transport convection. The lack of mass transport convection means that no reaction is 
occurring and that there is no current flux through the system. Experimenters often choose a set of 
rotation rates that are multiples of perfect squares, such as 400, 900, and 1600 RPM, in order to make 
constructing the plot easier, as seen in Figure 9b.26 
Results 
For CV, 0.2 mL of each sample was drop casted onto the GC electrode. The electrocatalytic cell 
was then submerged in an oxygen saturated 2 M KOH solution. The electrode potential was swept back-
and-forth between 0 and -750 mV in the negative (cathodic) direction while the potentiostat was held 
stationary at 0 RPM. During testing, the current eventually reached a maximum absolute value known as 
the limiting current either around -250 mV or -750 mV, as seen in Figure 12a. Only sample 4 and 5 had 
limiting currents at the end of the sweep, while all the other samples had limiting currents around -250 
mV. When being swept back to 0 mV, all the samples produced a slightly positive current. Sample 4 and 
 
FIGURE 9A. LEVICH EQUATION25 
FIGURE 9B. LEVICH GRAPH OF LIMITING CURRENT VS SQUARE ROOT OF THE ROTATION RATE. µA AND IL ARE BOTH REPRESENTATION OF 
LIMITING OR LEVICH CURRENT26 
A) B) 
5 were most reactive towards increasingly negative potentials and both of these samples were MWCNT 
with significant compositions of oxygen impurities.  
In LSV testing, the RPM was held constant at several different values as the electrode was swept 
from one potential to another. An LSV graph of 1600 RPM for all samples is depicted in Figure 12b. 
Samples 2 through 7 were swept from 0 to -700 mV while samples 1 and GC were swept from 0 to -600 
mV. During testing, there were several complications with the drop casted electrocatalysts as they 
started to detach from the electrode at significantly high RPM and increasingly negative potential 
values. Therefore, the potential sweep was restricted to a smaller range for samples 1 and GC to keep 
them attached to the electrode. However, all of the necessary data for Levich Equation analysis was still 
obtained, despite the restricted potential sweeps of some samples.  
From the LSV graph on Figure 12b, samples 2, 4, and 5 had the greatest activity and limiting 
current. Moreover, every sample displays the same current trend on the graph by plateauing from 
approximately -250 to -500 mV and then continuing to drop off after -500 mV. In this plateau region 
there are two distinct current groups: sample 1 and GC plateaued around -100 µA, while all the other 
samples plateaued around -175 µA. 
Current can be limited by the mass transport ions to the electrode surface, which is directly 
related to the electrode RPM. Rotating the electrode at a faster rate increases the rate at which material 
arrives at the electrode surface; thus, the limiting current increases with increasing rotation rate. At 
higher RPM, the limiting current response increases and becomes less chaotic. This phenomenon is how 
the stacked LSV graph in Figure 12c was produced. Each curve in this graph is of sample 1 at variant 
RPM. The higher RPM curves produced a greater current response compared to the lower RPM trials.  
For the Levich Graph in Figure 12e, current values for different rotation rates were taken at the 
same potential and then plotted. This set of data is indicated by the vertical line across the stacked LSV 
graph at -0.3 V. Once this data was plotted, a best fit line was added to the graph and set to an intercept 
of y = 0. The slope of this line was then used to determine the ORR electron pathway. The equations of 
these lines for each sample can be seen on Figure 12d. From literature, Levich lines with a slope above 
3000 indicate a predominant series electron pathway, while a slope below 2000 indicates a 
predominantly direct electron pathway. Figure 12d shows that only sample 1 had a direct electron 
pathway by releasing an average of 4.01 electrons in every half reaction. This sample also had the 
second highest impurity, which is the suspected cause of the greater electron transfer rate. Every other 
sample released an average of about 2 electrons for every have reaction. These predominantly series 
electron pathway samples indicate that the half-reactions were limited by sluggish kinetics rather than 
by mass transport. 
 FIGURE 12A.  CV GRAPH IN CATHODIC SWEEP AMERICAN CONVENTION OF ALL SAMPLES AT 0 RPM. CV TEST CYCLES FROM OXIDATIVE 
POTENTIALS ON THE RIGHT TO REDUCTIVE POTENTIALS ON THE LEFT AND THEN BACK TO OXIDATIVE POTENTIALS. 
FIGURE 12B. LSV GRAPH OF ALL SAMPLES AT 1600 RPM WITH INCREASINGLY REDUCTIVE AND NEGATIVE POTENTIALS GOING FROM LEFT 
TO RIGHT. 
FIGURE 12C. LSV GRAPH OF STACKED SAMPLE 1 SWEEPS AT VARIANT RPM. VERTICLE LINES ARE USED TO OBTAIN DIFFERENT CURRENT 
VALUES AT SAME POTENTIAL FOR VARIANT RPM TESTS. THESE CURRENT VALUES ARE THEN USED FOR THE LEVICH PLOT ON FIGURE 12E. 
FIGURE 12D. TABLE TO LEVICH EQUATION LINES WITH R-SQUARED REGRESSION OF DATA POINTS TO THE PROPOSED LEVICH LINES AND 
THE CORRESPONDING NUMBER OF ELECTRONS TRANSFERRED IN THE ORR HALF REACTION BASED UPON LEVICH LINE SLOPE. 
FIGURE 12E. LEVICH PLOT OF SAMPLE 1 FOR VARYING CURRENTS AT A CONSTANT POTENTIAL OF -0.3 V ACROSS MULTIPLE RPMS. BEST FIT 
LINE ASSIGNED TO THESE DATA POINTS AND SET TO AN INTERCEPT AT THE ORIGIN. 
A) B) 
C) D) 
D) 
Conclusion and Future Applications  
     The results of testing showed that carbon based electrocatalysts are a viable option for battery 
applications that need further exploration. The tests conducted showed high favorability to MWCNTs 
and samples with significant surficial oxygen compositions or impurities. This gives credence to the 
theory that surface layers containing impurities are the sites for ORR and that internal structures 
facilitate the transfer of electrons as current.  
The results from XPS, CV, and LV suggest that carbon nanostructure with varying surface 
chemistry heighten ORR activity, given these impurities do not disturb the internal structure. The data 
also suggests that the surfactant, DDBS, used in the solutions also heightened the reactivity of the 
electrocatalysts. Sample 7 was approximately the average of the other samples in the LV and CV graphs, 
but why this phenomenon occurred is unknown. To eliminate the possibility of errors, all future 
experiments will be run multiple times and compared to each trial. Moreover, Sample 4 and 1 had the 
highest impurity with sample 1 also having the greatest electron rate, but these samples differed in 
reactivity, greatly suggesting that ORR is based upon a combination of impurities and nanostructures.  
It is also of note that all samples produced greater current outputs and thus higher ORR activity 
than the plane GC and DDBS electrode in CV. This suggests that carbon in any form could be an 
electrocatalyst. Moreover, sample 4 and 5 showed the greatest ORR activity, especially at increasingly 
negative potentials. It is theorized that the high percentage of surface impurities like oxygen facilitated 
ORR at increasingly negative potentials because, as most of the localized oxygen dissolved in solution 
was being used up at the electrode surface, the surface chemistry was a last holdout for elemental 
species necessary for ORR. The preserved internal structure of the MWCNTs is also thought to act like a 
conduit for electron flow, which could make MWCNTs more conductive and produce the greater 
absolute current values in the CV and LSV graphs on Figure 12a and 12b. These observations make 
MWCNTs very promising towards localized transport applications for ORR that don’t have bulk flow 
convection.  
In the LSV graph on Figure 12b, sample 1 and GC are segregated from the other samples in 
terms of their current response. This lower amplitude current implies that they have low ORR activity at 
the potentials between 0 and -625 mV and are thus more stable for long term ORR applications. This 
stability, high surficial oxygen composition, and low LSV activity are what might have all contributed to 
give sample 1 a predominantly direct electron pathway for ORR. Based upon this, sample 1 seems to be 
the most viable for ORR involving bulk flow convection. 
Future experiments will be aimed at exploring these phenomenon as well as altering the 
sample’s surface chemistry with oxidative Chemical Vapor Deposition and varying types of polymers, as 
an attempt to improve their ORR activity and longevity. The data presented in this investigation suggests 
several options to explore as paths to improve the samples ORR and make them better electrocatalysts. 
Overall, the continued exploration of carbon based electrocatalysts as a viable new option for battery 
applications is promising.   
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